Reduced ␤-cell mass and increased activities of ATPsensitive K ؉ channels in pancreatic ␤ cells are associated with the pathogenesis of diabetes. Cystathionine ␥-lyase (CSE) is a major hydrogen sulfide (H 2 S)-producing enzyme in pancreatic ␤ cells. Herein, we examine the effects of genetic and pharmacologic ablation of CSE on ␤-cell functions and their correlation with streptozotocin (STZ)-induced diabetes. Compared with wild-type mice, CSE knockout (CSE KO) mice that received STZ injections exhibited a delayed onset of diabetic status. The application of DL-propargylglycine (PPG) to inhibit CSE activity protected wild-type mice from STZ-induced hyperglycemia and hypoinsulinemia. STZ significantly increased pancreatic H 2 S production in wild-type mice but not in CSE KO mice. STZ induced more apoptotic ␤-cell death in wild-type mice than in CSE KO mice. STZ exposure decreased the viability of cultured INS-1E cells, which was partly reversed by PPG co-treatment. STZ also significantly stimulated H 2 S production in cultured INS-1E cells. In addition, STZ stimulated ATP-sensitive K ؉ currents in pancreatic ␤ cells from wild-type mice but not in the presence of PPG or in ␤ cells from CSE KO mice. Sodium hydrosulfide injection instantly increased blood glucose, decreased plasma insulin, and deteriorated glucose tolerance in mice. Take together, these results provide evidence that the CSE/H 2 S system plays a critical role in regulating ␤-cell functions.
tion. 6 -8 Two pyridoxal-5=-phosphate-dependent enzymes, cystathionine ␤-synthase (CBS) (EC4.2.1.22) and cystathionine ␥-lyase (CSE; also often named CTH) (EC 4.4.1.1), are responsible for most endogenous production of H 2 S in mammalian tissues, which use L-cysteine as the main substrate.
2,9 CSE seems to be the main H 2 Sforming enzyme in the pancreas. 4, 10 Recently, it was found that H 2 S formation was significantly higher in the pancreas of Zuker diabetic fatty rats and streptozotocin (STZ)-induced diabetic rats compared with nondiabetic animals. 10, 11 As a substrate for H 2 S production, cysteine level was also elevated in diabetic patients with diabetic nephropathy renal complications. 12 H 2 S and cysteine inhibited insulin secretion from insulin-secreting ␤-cell lines (INS-1E, MIN6, and HIT-T15) or from isolated rat islets. 6, 8, 13 Overexpression of CSE inhibited insulin release from INS-1E cells, but lowering endogenous H 2 S production by DL-propargylglycine (PPG) or CSE-targeted small-interfering RNA had the opposite effect. 6 Among demonstrated cellular and molecular mechanisms for pathophysiologic effects of H 2 S on ␤ cells are the induction of cell apoptosis and the activation of ATP-sensitive K ϩ (K ATP ) channels. 4, 6, 13 We have shown that exogenously applied H 2 S or endogenously produced H 2 S derived from overexpressed CSE induced apoptosis of INS-1E cells, which suggests a novel role of the CSE/H 2 S system in regulating pancreatic functions under physiologic conditions and in diabetes by stimulating ␤-cell apoptosis. 5 In addition, we and others have shown that H 2 S functions as an endogenous opener of K ATP channels in ␤ cells independent of activation of cytosolic second messengers.
secretion from pancreatic ␤ cells. However, this interaction during the development of diabetes is still unclear.
Given that altered H 2 S production is involved in the development of diabetes, inhibition of the CSE/H 2 S pathway may protect pancreatic ␤ cells from cytotoxic damage and suppress abnormal K ATP channel activity. To test this hypothesis, we examined the relationship of pancreatic CSE/H 2 S activity and ␤-cell mass and functions using CSE knockout (CSE KO) mice 14 or cultured ␤-cell lines. STZ was used to treat mice, and the development of diabetes was compared between CSE KO and wild-type mice. The effects of STZ on H 2 S production and ␤-cell apoptosis and K ATP channel activities were also investigated to probe the role of H 2 S in STZ-induced diabetes.
Research Design and Methods

Animal Preparation
CSE KO mice were generated as previously described. 14 The second and third generations of 10-to 16-week-old male CSE KO mice and age-matched male wild-type littermates on the C57BL/6J/129 background were used. PCR genotyping of CSE KO mice was performed using a three-primer assay in two reactions.
14 All the animal experiments were conducted in compliance with the Guide for the Care and Use of Laboratory Animals published by the US NIH (publication No. 85-23, revised 1996) and approved by the Animal Health Care Committees of the University of Saskatchewan and Lakehead University. All the animals were maintained on standard rodent chow and had free access to food and water.
Diabetes Model
Mice (10 to 12 weeks old) were injected i.p. with STZ (40 mg/kg) between 10:00 AM and 11:00 AM for 5 consecutive days (days 1 to 5) to induce hyperglycemia. 15, 16 STZ was freshly dissolved in citrate buffer (pH 4.5); mice in the control group received an equal volume of citrate buffer alone. In some wild-type mice, PPG dissolved in PBS or PBS alone was injected i.p. at 40 mg/kg/day for 30 days (between 9:00 AM and 10:00 AM on days 1 to 30). Whole blood glucose concentration was measured in blood obtained from the tail vein of mice using OneTouch blood glucose strips (LifeScan, Milpitas, CA). Plasma insulin was measured using an enzyme-linked immunosorbent assay (ELISA) kit with mouse insulin as a standard (Mercodia AB, Uppsala, Sweden) according to the manufacturer's procedure. Blood samples were obtained from mice after overnight fasting unless otherwise specified. Blood plasma was prepared by spinning a tube of fresh blood containing EDTA (1500 ϫ g for 15 minutes at 4°C). Body weight and blood glucose level were measured every 3 to 4 days between 9:00 AM and 10:00 AM, and food and water intake were measured daily between 10:00 AM and 11:00 AM on days 25 to 30.
Cell Culture
INS-1E cells derived from a rat insulinoma were cultured with RPMI 1640 medium supplemented with 10% fetal bovine serum, 2.2 mg/mL of sodium bicarbonate, 1 mmol/L sodium pyruvate, 50 mol/L 2-mercaptoethanol, 100 U/mL of penicillin, and 100 g/mL of streptomycin, as previously described. 6 The glucose concentration in the culture media was consistent at 3 mmol/L. The experiments were performed when the cells reached 70% to 80% confluence between passages 56 and 70. The cells were maintained overnight in serum-free media before treatment.
Cellular Viability Assays
The cultured INS-1E cells were serum starved overnight and then were subjected to 30 minutes of STZ exposure (2 mmol/L) the next day. After STZ exposure, the medium was replaced with fresh normal medium (10% fetal bovine serum) without or with PPG (200 mol/L) for another 24 hours. Quantification of cellular viability was made by using the MTT assay. 4 
Measurement of Insulin Secretion
Mouse islets were isolated by collagenase digestion as described elsewhere. 10, 17 Briefly, after the mice were anesthetized by i.p. injection of ketamine HCl and xylazine (80 mg/kg and 5 mg/kg body weight, respectively), pancreatic islets were digested with collagenase and were handpicked under a microscope. Ca 2ϩ -free medium consisting of 120 mmol/L NaCl, 5 mmol/L KCl, 2 mmol/L MgSO4, 4 mmol/L glucose, 1 mmol/L EGTA, 25 mmol/L HEPES-NaOH (pH 7.4), and 1% (w/v) bovine serum albumin was used for islet isolation. Isolated islets were washed and preincubated with glucose-free RPMI 1640 medium in 24-well plates (10 islets per well). 10 After 30 minutes of preincubation with 3 mmol/L glucose, the islets were incubated for 30 minutes at 37°C in the presence of 20 mmol/L glucose in a humidified atmosphere of 5% CO 2 and 95% air. At the end of each incubation period, the medium was collected and centrifuged for 10 minutes at 1500 ϫ g to remove islet debris. Insulin levels in the supernatants were determined using the mouse insulin ELISA kit (Mercodia AB).
Electrophysiologic Recording of K ATP Channel Currents
The patch clamp technique was used to record whole cell K ATP currents of isolated single ␤ cells. 6, 10, 18 Only cells in which K ATP channel activity was significantly decreased by a high glucose level or by the K ATP channel blocker glibenclamide were used in this study.
Immunohistologic Analysis
Mouse pancreases from each treatment group were dissected on day 30 after the first STZ injection and were immediately fixed in 4% buffered formalin. 19 After the tis-sues were embedded in 22-oxacalcitriol compounds, 8-m-thick sections were cut using a cryostat and were picked up on poly-L-lysine-coated slides. H&E staining was performed as previously described. 19 Primary antibody (guinea pig against swine insulin) was incubated in a humid chamber for 1 hour at 1:5000 dilution (DakoCytomation, Mississauga, ON, Canada). Second antibody fluorescein isothiocyanate-donkey anti-guinea pig (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) was diluted at 1:500. Images were observed and analyzed using an inverted Olympus IX70 microscope (Olympus, Tokyo, Japan).
Measurement of Apoptosis
An in situ cell death detection kit (Hoffmann-La Roche Ltd., Mississauga, ON, Canada) was used to visualize the apoptotic pancreatic ␤ cells. 20, 21 Dual staining with terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling (TUNEL) and insulin was performed. The nuclei were counterstained using DAPI (0.3 mol/L; Molecular Probes Inc., Eugene, OR). Percentage of apoptosis was calculated by dividing the number of TUNELpositive ␤ cells by the total number of ␤-cell stained nuclei. At least 500 nuclei per pancreas were counted, and four mice per group were used.
Western Blot Analysis and Measurement of H 2 S Level
Pancreatic tissues or isolated islets were obtained and lysed. 10 The extracts were separated by centrifugation at 14,000 ϫ g for 15 minutes at 4°C. SDS-PAGE and Western blot analysis were performed as described previously. 4, 10 The primary antibodies were diluted at 1:1000 for CSE (Novus Biologicals, Littleton, CO) and at 1:10,000 for ␤-actin (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada). Horseradish peroxidase-conjugated secondary antibody was used at 1:5000 dilution. Immunoreactions were visualized by electrochemiluminescence and were exposed to X-ray film (Kodak scientific imaging film; Fisher Scientific Company, Ottawa, ON, Canada).
Endogenous H 2 S productions from mouse pancreas tissues and INS-1E cells were measured as previously reported.
3,10
Determination of mRNA Levels
The mRNA expressions of CBS and glucose transporter 2 (Glut-2) in islets were measured by real-time PCR using an iCycler iQ3 apparatus (Bio-Rad Laboratories, Hercules, CA) associated with the iCycler optical system software (version 3.1) using SYBR green PCR master mix (Molecular Probes Inc.), as described previously. 4 Briefly, all PCRs were performed in a volume of 20 L using 96-well optical-grade PCR plates and optical sealing tape. The cycling was conducted at 95°C for 90 seconds followed by 38 cycles at 95°C for 10 seconds and at 60°C for 20 seconds. The primers of CBS (GenBank accession number NM_144855) were 5=-GGTGGTG-GCGTCTGCGTGTTCA-3= (sense, position 1211-1232) and 5=-GCCCAGCGTGTCGGTCAGGT-3= (antisense, position 1460 -1480). These primers produced a product of 270 bp. The primers of Glut-2 (GenBank accession number NM_031197) were 5=-GGATGCCAATTACCGA-CAGC-3= (sense, position 885-904) and 5=-AGGCGAATT-TATCCAGCAGCACAA-3= (antisense, position 1157-1180). These primers produced a product of 296 bp. The primers of ␤-actin were purchased from Ambion (Austin, TX) and produced a product of 295 bp. A standard curve was constructed using a series of dilutions of total RNA (Ambion) transcribed to cDNA using the same protocol outlined previously herein to confirm the same amplifying efficiency in the PCR. A standard melting curve analysis was performed using the following thermal cycling profile: 95°C for 10 seconds, 55°C for 15 seconds, and ramping to 95°C in 1°i ncrements to confirm the absence of primer dimers. Relative mRNA quantification was calculated by using the fol- A: Blood glucose concentration was measured in blood obtained from the tail vein using blood glucose strips twice a week. B: Plasma insulin level was measured using a mouse insulin ELISA kit at day 30. Nine to 16 mice were used in each group. *P Ͻ 0.05 versus all other groups; **P Ͻ 0.05 versus STZ-treated wild-type mice. C: CSE KO mice showed a lower diabetic incidence induced by STZ. Fourteen CSE KO mice and 16 wild-type mice were used in this study. D: CSE deficiency protected against STZ-induced destruction of pancreatic islets. Pancreases were obtained from vehicle-treated mice (left) or STZtreated mice (right) on day 30. The morphologic features of the islets were processed with H&E staining (top). Islets were also labeled with anti-insulin antibody and fluorescein isothiocyanate-labeled anti-guinea pig IgG and were examined by fluorescence microscope (bottom).
Results are representative of two trials with at least three mice per group. Scale bar ϭ 50 m. E: Improved islet insulin release in CSE KO mice. After freshly isolated islets were incubated with 20 mmol/L glucose for 30 minutes, insulin levels in the media were measured using a mouse insulin ELISA kit. Three to six mice were used in each group. CT, where ⌬CT is the difference between the threshold cycle of a given target cDNA and an endogenous reference ␤-actin cDNA.
Glucose and Insulin Tolerance Tests
Glucose tolerance tests were performed in overnight-fasting mice on day 25 after STZ treatment; mice were injected i.p. with glucose (in saline) at 2 g/kg body weight. Areas under the curve of the glucose tolerance test were calculated using trapezoidal integration. 22 Insulin sensitivity tests were performed by i.p. injection of 2-hour-fasting mice (10 to12 weeks old) with insulin (1 U/kg body weight). Blood glucose concentrations and plasma insulin levels were assessed before and after injection. 10 
Chemicals and Data Analysis
Insulin was from Eli Lilly & Co. (Indianapolis, IN) . Chemicals were all obtained from Sigma-Aldrich unless otherwise mentioned. Data are presented as mean Ϯ SEM, representing at least three independent experiments. Statistical comparisons were made using the Excel 2003 spreadsheet program (Microsoft Corp., Redmond, WA), with the Student's t-test to evaluate the difference between two groups; the differences between multiple groups were analyzed using SPSS 10.0 software (SPSS Inc., Chicago, IL), with analysis of variance and the post hoc Tukey's test. The significance level was set at P Ͻ 0.05.
Results
CSE Expression and H 2 S Production in the Pancreas of CSE KO Mice
CSE protein was not detected in pancreases and islets from CSE KO mice (Figure 1, A and B) , and CSE protein expression in pancreases from heterozygotes was estimated to be half that in wild-type mice ( Figure 1A) . The H 2 S production rate was significantly lowered in pancreases from CSE KO mice versus age-matched wild-type mice (8.1 Ϯ 2.8 nmol/g/minute versus 27.2 Ϯ 2.7 nmol/ g/minute; P Ͻ 0.05) ( Figure 1C) .
Resistance of CSE KO Mice to STZ-Induced Diabetes
As shown in Figure 2A , the body weight of STZ-treated wild-type mice was significantly lower than that of vehicletreated wild-type mice or STZ-treated CSE KO mice (P Ͻ 0.05), and the weight loss of STZ-treated wild-type mice was partly reversed by PPG treatment. STZ treatment had little effect on the body weight of CSE KO mice. Food and water intake were significantly higher in STZ-treated mice than in vehicle-treated mice (Figure 2, B and C) . However, food and water intake were significantly lower in STZ-treated CSE KO mice than in STZ-treated wild-type mice (P Ͻ 0.05).
Blood glucose ( Figure 3A ) and plasma insulin ( Figure  3B ) levels were similar between wild-type and CSE KO mice. Injection of wild-type mice with STZ for 5 days resulted in progressive hyperglycemia ( Figure 3A) . At day 30, STZ-treated wild-type mice had a significantly higher blood glucose level (28.2 Ϯ 2.6 mmol/L) compared with vehicle-treated wild-type mice (5.7 Ϯ 0.4 mmol/L). Diabetes development in CSE KO mice was significantly delayed after STZ treatment, with the blood glucose level on day 30 being only 14.4 Ϯ 3.9 mmol/L. Although the plasma insulin level in STZ-treated CSE KO mice was lower than that in vehicle-treated CSE KO mice (1.98 Ϯ 0.69 ng/mL versus 5.95 Ϯ 0.91 ng/mL; P Ͻ 0.05), it was significantly higher than that of STZ-treated wildtype mice (0.33 Ϯ 0.22 ng/mL) ( Figure 3B ). By day 11 after STZ injection, none of the CSE KO mice were diabetic (fasting blood glucose level Ͼ7.8 mmol/L) compared with all 16 wild-type animals. All 14 CSE KO mice developed diabetes by day 24 after STZ injection ( Figure  3C ). By day 30 after STZ injection, all 14 CSE KO mice survived, but only 16 of 18 wild-type mice were alive. Treatment of wild-type mice with the CSE inhibitor PPG for 30 days partially protected the mice against STZinduced hyperglycemia (fasting blood glucose level, 16.3 Ϯ 2.8 mmol/L) and hypoinsulinemia (plasma insulin level, 2.34 Ϯ 0.41 ng/mL) compared with STZ-treated wild-type mice (28.2 Ϯ 2.6 mmol/L and 0.33 Ϯ 0.22 ng/mL). PPG treatment alone did not affect glucose and insulin levels in wild-type mice (Figure 3, A and B) .
CSE Deficiency Protects Against STZ-Induced Damage and Dysfunction of Pancreatic Islets
To explore the role of CSE in STZ-induced diabetes, pancreatic tissues from STZ-treated mice at day 30 were subjected to H&E staining and immunohistochemical (IHC) analysis. The morphologic features of islets in vehicletreated wild-type mice and CSE KO mice were similar, both showing a round shape and clearly identifiable islets with strong insulin-positive staining ( Figure 3D, left) . In wild-type mice treated with STZ, the number of islets was greatly reduced, and the remaining islets were smaller and distorted in appearance, with fewer cells stained for insulin ( Figure 3D ). In striking contrast, CSE KO islets were partly protected from this damage, displaying more insulin staining, with the overall morphologic appearance essentially comparable with that of wild-type mice treated with STZ ( Figure 3D, right) . Furthermore, 20 mmol/L glucose stimulated greater insulin release (24.8 Ϯ 1.5 g/g protein) from CSE KO islets compared with that from wild-type islets (13.4 Ϯ 2.1 g/g protein; P Ͻ 0.05) ( Figure 3E ). STZ treatment significantly repressed glucose-stimulated insulin release from CSE KO islets (14.2 Ϯ 0.5 g/g protein) and wild-type islets (4.0 Ϯ 0.3 g/g protein), and this effect was more significant with wild-type islets (P Ͻ 0.05). The insulin contents of whole pancreases from vehicle-and STZ-treated mice were also assayed. There was no appreciable difference in insulin content between vehicle-treated wild-type and CSE KO mice. However, STZ treatment significantly decreased pancreatic insulin content in wild-type and CSE KO mice, with a more significant effect on wildtype mice (P Ͻ 0.05) ( Figure 3F ).
Stimulated H 2 S Production by STZ in Mice
The H 2 S production rate of the pancreas of STZ-treated wild-type mice (43.3 Ϯ 2.4 nmol/g/min) was significantly higher than that of vehicle-treated wild-type mice (27.5 Ϯ 1.2 nmol/g/min) ( Figure 4A ). STZ did not affect pancreatic H 2 S production in CSE KO mice (13.6 Ϯ 2.0 nmol/g/min) compared with vehicle-treated CSE KO mice (10.1 Ϯ 2.3 nmol/g/min). PPG treatment significantly decreased H 2 S production in pancreases of vehicle-and STZ-treated wild-type mice (4.5 Ϯ 0.6 nmol/g/min and 4.0 Ϯ 0.8 nmol/g/min). However, neither STZ nor PPG affected CSE protein expression in pancreas from wild-type mice ( Figure  4B ). The expression of CBS and Glut-2 mRNA was not different between wild-type and CSE KO islets ( Figure 4C) .
Involvement of the CSE/H 2 S System in STZ-Induced ␤-Cell Apoptosis
The apoptotic status of ␤ cells in islets of STZ-treated wild-type and CSE KO mice was tested. More apoptotic ␤ cells were found in islets of STZ-treated wild-type mice than in islets of STZ-treated CSE KO mice (51.6% Ϯ 10.7% versus 24.7% Ϯ 8.2%; P Ͻ 0.05) ( Figure 5A ). Fewer apoptotic ␤ cells were found in vehicle-treated mice. A 30-minute STZ exposure followed by a 24-hour recovery significantly decreased the viability of cultured INS-1E cells (P Ͻ 0.05), which was reversed by cotreating the cells with PPG ( Figure 5B ). PPG alone did not affect cell viability. In addition, STZ incubation significantly stimulated H 2 S production in INS-1E cells by 43.4% (P Ͻ 0.05; Figure 5C ).
Mediation of STZ-Stimulated K ATP Channels in ␤ Cells by the CSE/H 2 S System
In single ␤ cells from wild-type mice, glucose-sensitive K ATP currents were suppressed by the K ATP channel blocker glibenclamide at 10 mol/L (from Ϫ2851.6 Ϯ 210.7 pA to Ϫ1430.4 Ϯ 153.2 pA; P Ͻ 0.05) and enhanced by the K ATP channel opener pinacidil at 100 mol/L (from Ϫ2438.2 Ϯ 235.6 pA to Ϫ4106.3 Ϯ 398.4 pA; P Ͻ 0.05). STZ stimulated K ATP currents by 38.5% Ϯ 8.0% (P Ͻ 0.05; Figure 6, A and B) . The stimulatory effect of STZ reached the maximum level in 5 minutes ( Figure 6C ). STZ-stimulated K ATP currents were reversible by washout ( Figure 6, A-C) . In the presence of PPG in the pipette solution, STZ increased K ATP currents by only 8.3% Ϯ 1.7% compared with that in the absence of PPG dialysis ( Figure  6, A-C) . Furthermore, STZ did not to stimulate K ATP currents in ␤ cells isolated from CSE KO mice compared with those from wild-type mice (P Ͻ 0.05) (Figure 6, D-F) . These results suggest that the CSE/H 2 S system mediates the effect of STZ on K ATP channels in pancreatic ␤ cells.
Effects of the CSE/H 2 S System on Glucose Tolerance in Mice
The i.p. glucose tolerance test demonstrated that CSE KO mice had significantly lower blood glucose concentrations (12.1 Ϯ 0.6 mmol/L) than did wild-type mice Figure 7A ), and both groups of mice returned their blood glucose levels back to normal within 2 hours. Compared with wild-type mice, the value of the area under the curve of the glucose tolerance test was markedly lower in CSE KO mice ( Figure 7B ). Insulin sensitivity tests showed that there were no differences between wild-type and CSE KO mice ( Figure 7C ). In addition, glucose load stimulated insulin release in wild-type and CSE KO mice, and it became more significant in CSE KO mice 30 minutes after glucose load ( Figure 7D ). Glucose tolerance tests were also performed in STZ-treated wild-type and CSE KO mice. CSE KO mice showed lower blood glucose levels than did wild-type mice at all the time points (P Ͻ 0.05) ( Figure 7E) . Furthermore, the increase in circulating glucose levels was transient and gradually returned to basal levels within 2 hours in STZ-treated CSE KO, whereas blood glucose concentration remained high in STZ-treated wild-type mice. The area under the curve of the glucose tolerance test in STZ-treated wild-type mice was 2.1 times of that in STZ-treated CSE KO mice ( Figure  7F ). These results indicate that STZ-treated CSE KO mice had a normal response to a glucose load compared with STZ-treated wild-type mice.
In another group of experiments, 10-to 12-week-old wild-type mice (overnight fasting) were injected with sodium hydrosulfide (NaHS) (39 mol/kg body weight) 10 minutes before the injection of glucose. NaHS pretreatment significantly deteriorated the glucose tolerance of wild-type mice, whereas NaHS alone had no effect on blood glucose levels of these mice ( Figure 8A ). We found that blood glucose concentrations were significantly increased in nonfasting wild-type mice compared with overnight-fasting wild-type mice 40 minutes after NaHS injection ( Figure 8B ). NaHS administration also significantly reduced insulin release in nonfasting wild-type mice but not in overnight-fasting wild-type mice ( Figure 8C ).
Discussion
Type 1 diabetes mellitus (T1DM) is a chronic metabolic disorder characterized by a loss of pancreatic islet ␤-cell mass, decreased plasma insulin levels, and hyperglycemia. [23] [24] [25] Although the pathogenic mechanisms for this disease have not been fully characterized, genetic, environmental, and autoimmune factors have been postulated. 21, 25 Recently, a pathogenic role of the CSE/H 2 S system in T1DM has been suggested. 26 -31 Does the pancreatic production of endogenous H 2 S change the development of T1DM? Could H 2 S be a therapeutic target for T1DM management? To address these questions, we conducted the present study.
STZ is a glucosamine-nitrosourea compound that shows selective cytotoxicity to pancreatic ␤ cells and is widely used to generate the T1DM model. 32 STZ is transported into the cell by Glut-2 but is not recognized by the other glucose transporters. Pancreatic ␤ cells have relatively high levels of Glut-2. Once inside ␤ cells, STZ decomposes into alkylating agents, which directly cause DNA damage, which is one of the proposed molecular mechanisms of STZ-induced cell damage. 32, 33 In the present study, we demonstrated that injecting wild-type mice with low-dose STZ (40 mg/kg body weight) for 5 consecutive days resulted in severe hyperglycemia, hypoinsulinemia, body weight loss, major glucose intolerance, and disappearance of pancreatic ␤ cells, as has previously been reported. 16, 17 The prodiabetic effect of STZ seems to be mediated by increased CSE activity because an irreversible CSE inhibitor, PPG, partially suppressed STZ-induced hyperglycemia and hypoinsulinemia. The solid evidence for this notion was derived from our novel observation that STZ-generated diabetes development was delayed in CSE KO mice. There was no difference in Glut-2 mRNA expression between wild-type and CSE KO islets, suggesting that the uptake of STZ into ␤ cells should be equal between these two groups (Figure 4C) . Two putative mechanisms may explain this delayed occurrence of diabetes in CSE KO mice, both related to the stimulation of CSE and increased H 2 S production by STZ. H 2 S increased pancreatic ␤-cell apoptosis, which would reduce ␤-cell mass and insulin production. H 2 S activated K ATP channels, which would reduce insulin release. K ATP channel activation also influences cell viability, and suppression of K ATP channel activity protects murine pancreatic ␤ cells against oxidative stress. 34, 35 In the present study, we found that STZ treatment significantly increased pancreatic H 2 S production in wildtype mice but not in CSE KO mice ( Figure 4A ), suggesting that the overproduced H 2 S is mainly derived from CSE. In vitro study also showed that STZ stimulated H 2 S production in INS-1E cells ( Figure 5C ). We did not find any difference in CSE protein expression from pancreatic islets between vehicle-treated and STZ-treated wild-type mice ( Figure 4B ), suggesting that STZ may directly stimulate CSE activity at posttranslational levels to increase H 2 S production. Alternatively, STZ may stimulate CSE protein expression, which is counteracted by the effect of high glucose level. A previous study showed that high glucose levels inhibited H 2 S production in INS-1E cells. 6 STZ injection caused extensive ␤-cell apoptosis in the islets of wild-type mice and loss of functional ␤ cells ( Figure 5A ). In contrast, the extent of islet ␤-cell death and dysfunction was markedly less in STZ-treated CSE KO mice. The significant decrease in H 2 S production in pancreases due to CSE deficiency may protect CSE KO mice from STZ-induced ␤-cell death. Recently, we showed that exogenously applied H 2 S or endogenously produced H 2 S derived from overexpressed CSE induced apoptosis of INS-1E cells via endoplasmic reticulum stress. 4 Herein, we demonstrated that a 30-minute STZ exposure followed by a 24-hour recovery significantly decreased INS-1E cell viability, which was partly reversed by co-treating the cells with PPG ( Figure 5B ). All these findings indicate that the CSE/H 2 S system mediates STZ-induced apoptosis of pancreatic ␤ cells.
It is well-known that H 2 S functions as an endogenous opener of K ATP channels in ␤ cells. 6, 13 Glucose metabo- Figure 8 . NaHS deteriorated glucose tolerance in mice. A: NaHS injection deteriorated glucose tolerance in wild-type mice. Wild-type mice (10 to 12 weeks old, overnight fasting) were i.p. injected with NaHS (39 mol/kg body weight) and/or glucose (2 g/kg body weight), and blood glucose was measured at different time point. Five to eight mice were used in each group. *P Ͻ 0.05 versus all other groups at the same time point. B: NaHS increased blood glucose levels in nonfasting mice. Nonfasting or overnight-fasting wild-type mice (10 to 12 weeks old) were injected with NaHS (39 mol/kg body weight), and blood glucose was measured at different time points. Five mice were used in each group. *P Ͻ 0.05 versus nonfasting mice without NaHS injection. C: NaHS decreased insulin release in nonfasting mice. Plasma insulin level was measured 40 minutes after the mice were injected with NaHS (39 mol/kg body weight). Five mice were used in each group. *P Ͻ 0.05 versus nonfasting mice without NaHS injection. Values represent mean Ϯ SEM.
